Members of the genus Bifidobacterium are gram-positive, obligate anaerobic, non-spore-forming, nonmotile, rod-shaped bacteria with spatulate extremities (53) . Their genomes have a relatively high GC content with values ranging from 55% to 67%. Furthermore, bifidobacteria are saccharolytic organisms, fermenting various hexoses exclusively by the fructose-6-phosphate pathway or by bifid shunt (44) .
Currently the genus, which belongs to the phylum Actinomycetaceae of high-GC-content gram-positive bacteria (45) , includes 34 species (58) which are mainly classified on the basis of their ecological origins and many of which have been isolated from fecal samples (for a review, see reference 59). Bifidobacteria, first described by Tissier (56) , are widely used as probiotics. The concept of probiotic bacteria has evolved from that of a live culture that maintains a balanced and healthy gut microflora environment to one where specific beneficial effects are attributed to the microorganism (16) . Particular therapeutic properties have been attributed to various strains of the Bifidobacterium genus (35) , including prevention of enteric infection, reduction of serum cholesterol levels, immunostimulation, anticarcinogenic properties, alleviation of constipation, and treatment of lactose intolerance.
Despite these described beneficial properties and the widely growing commercial and consumer interest in probiotic members of this genus, bifidobacteria still remain poorly understood. The public release of the first complete genome sequence of a Bifidobacterium longum strain (46) , along with ongoing efforts to sequence additional strains, has significantly contributed to advancing our knowledge of bifidobacterial genetics and metabolism. Such information will be a first step in providing a better understanding of the mode of action of a specific probiotic property. This type of analysis is currently hampered by a paucity of effective molecular tools such as cloning and expression vectors and plasmid-based gene disruption systems.
Plasmids in members of the genus Bifidobacterium were initially reported by Sgorbati et al. (48) . Since then plasmids have been reported to have been found in six different species of bifidobacteria. To date, 12 plasmids from B. longum have been completely sequenced: pMB1 (40) , pKJ36 (32) , pKJ50 (33) , pBLO1 (46) , pNAC1, pNAC2, and pNAC3 (5), pTB6 (52) , pDOJH10L and pDOJH10S (21) , pNAL8 (12) , and pB44 (GenBank accession no. NC004443). Furthermore, plasmids from other Bifidobacterium species have been sequenced as well: pVS809 from B. globosum (24) , pCIBb1 (31) and pNBb1 (GenBank accession no. E17316) from B. breve, pBI from B. indicum (48) , pBC1 from B. catenulatum (2) , pAP1 from B. asteroides (GenBank accession no. Y11549), pASV479 (43) from B. pseudolongum subsp. globosum, and p4M from B. pseudocatenulatum (GenBank accession no. NC003527). The biological significance of these mostly small plasmids is unclear, as most of the open reading frames (ORF), apart from those that are predicted to specify replication functions, code for proteins of unknown function (5) . An exception to this appears to be an as-yet-unsequenced B. bifidum plasmid that was reported to be responsible for the production of a bacteriocin named bifidocin B (63). Significant efforts have been made to exploit these native replicons for the construction of Escherichia coli-Bifidobacterium shuttle vectors. Successful applications of such vectors include the development of pMDY23, a reporter plasmid based on a B. longum cryptic plasmid and the E. coli gusA gene (18) ; expression of recombinant amylase (38) ; murine mucosal immunization with respect to Salmonella spp. through flagellin expression (51), and various tumor suppressor studies (8, 10, 28, 60, 61, 62) . A hindrance to the widespread application of recombinant gene expression by Bifidobacterium-based shuttle vectors is the low transformation efficiency (3, 21, 39) complicated in some cases by segregational instability (8) . In this study two B. asteroides strains were found to contain plasmids which, upon sequencing, were shown to be virtually identical. One of these plasmids (designated pCIBA089) was selected for analysis of its replication functions and for construction of E. coli-Bifidobacterium shuttle vectors.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Bacterial strains and plasmids used in this study are listed in Table 1 . Bifidobacteria were routinely cultured anaerobically at 37°C in either de Man, Rogosa and Sharpe medium (MRS; Oxoid Ltd., Basingstoke, Hampshire, United Kingdom) (6) supplemented with 0.05% (wt/ vol) cysteine-HCl or reinforced clostridial medium (Oxoid). Anaerobic conditions were maintained using a Merck Anaerocult oxygen-depleting system (Merck, Darmstadt, Germany). E. coli strains were cultivated in Luria-Bertani medium (27) . Lactococcus lactis cultures were cultivated in M17 medium (Oxoid Ltd.) supplemented with 0.5% (wt/vol) glucose (GM17). Where necessary, antibiotics were added to the growth medium at the following final concentrations: for E. coli, ampicillin (Amp; 100 g ml Ϫ1 ), chloramphenicol (Cm; 20 g mg Ϫ1 ), and erythromycin (Em; 300 g ml Ϫ1 ); for Bifidobacterium spp., Cm (5 g ml Ϫ1 ) and Em (2 g ml Ϫ1 ); and for L. lactis, Cm (5 g ml Ϫ1 ). DNA isolation procedures. E. coli plasmid DNA was routinely isolated using a QIAprep Spin plasmid Miniprep kit (Qiagen, Santa Clara, CA) according to the manufacturer's instructions. Bifidobacterial plasmid DNA was also isolated using this kit with the adaptation that buffer P1 was supplemented with 40 mg ml Ϫ1 lysozyme and, when used, was incubated at 37°C for 45 min. Small-scale total bifidobacterial DNA preparations were obtained as described by Mazé et al. (25) .
DNA manipulations, sequence analysis, and electroporation. Plasmids and PCR products were purified using a Qiagen rapid PCR purification kit (Qiagen). Restriction endonucleases, alkaline phosphatase, and T4 DNA ligase were used according to the manufacturer's instructions (Roche Diagnostic GmbH, Mannheim, Germany). Standard PCRs were carried out using Taq PCR MasterMix (Qiagen), while high-fidelity PCR was carried out using KOD polymerase (Novagen, Darmstadt, Germany). Oligonucleotide primers used in this study are listed in Table S1 in the supplemental material. DNA sequencing was performed by MWG-Biotech (Ebersberg, Germany). All sequence data assembly and analysis were performed using a DNASTAR software package (DNASTAR Inc., Madison, WI). Phylogenetic and multiple sequence alignment analyses were conducted using MEGA version 3.1 (20) . Database searches were performed using BLAST (1) located at the National Center for Biotechnology Information web facility (http://www.ncbi.nlm.nih.gov). Electrotransformation of E. coli and L. lactis was performed as previously described by Sambrook et al. (42) using a Bio-Rad Gene Pulser. Electrotransformations of bifidobacteria were performed as described previously by MacConaill et al. (23) .
Plasmid constructions. Plasmid pBlueCm (4.1 kb) was constructed by excising the chloramphenicol resistance cassette from pUC7C and cloning this into the BamHI site of pBluescript KS(Ϫ). The HindIII-linearized 2.1-kb pCIBA089 plasmid was cloned into the HindIII site of pBlueCm, resulting in pPKCm1 (Fig.  1a and Fig. 2 ). The vector pErythromycin (2.7 kb) was generated by ligation of a 1.6-kb fragment of pBluescript KS(Ϫ) (containing the E. coli ColE1 origin of replication, the intact pBluescript multiple cloning site [MCS] , and the ␣lacZ gene) to the Em resistance (Em r ) gene from pGKV210. The construction of pSKEm (Fig. 1b) was achieved by inserting a 1.7-kb PCR-amplified fragment of pCIBA089 (primers pCIBFA and pCIBRA) into the SphI site of pErythromycin. 
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Eight different fragments covering various parts of the promoter region upstream of the replication protein-encoding gene from pCIBAO89 were generated by PCR (using one of eight forward primers [GusF1 through GusF8] in combination with GusRev). The resultant amplicons were digested with BglII and PstI and ligated into similarly restricted pNZ272 to generate plasmids pGC1, pGC2, pGC3, pGC4, pGC5, pGC6, pGC7, and pGC8 by use of L. lactis NZ9000 as the cloning host (Fig. 2 ). To create plasmid pNZrep89, the rep89 gene was amplified as an AflIII/HindIII fragment (primers rep44f and rep44r) and ligated into the NcoI/HindIII sites of the L. lactis pNZ44 vector (26) . Integrity of all plasmids was verified by restriction analysis and subsequent DNA sequencing. In order to determine the minimum region of pCIBA089 necessary to support replication in Bifidobacterium spp., various segments of pCIBA089 were PCR amplified as HindIII fragments and ligated into pBlueCm (the cloned sections of pCIBA089 and their corresponding names are displayed in Fig. 2a ). These constructs, designated pPKCm1 through pPKCm12, were subsequently introduced into B. breve UCC2003 by electroporation, and constructs with the ability to replicate in UCC2003 were identified by their capacity to confer chloramphenicol-resistance, which was subsequently verified by restriction analysis of plasmid DNA isolated from randomly selected transformants. Plasmid stability studies. B. breve UCC2003 colonies containing individual pPKCm constructs were first cultured in MRS broth containing 4 g ml Ϫ1 Cm. Cells were then subcultured in fresh MRS broth without antibiotic selection every 12 h for a total of 200 generations. Vector segregation stability was monitored by plating for isolated colonies every 25 generations, spot inoculating 100 colonies onto reinforced clostridial agar plates with and without 4 g ml Ϫ1 Cm, and incubating at 37°C for 24 h. The percentage of loss of the test plasmid in the population was then calculated.
GUS assay. Intracellular ␤-glucuronidase (␤-GUS) activity was determined essentially as described by Sangrador-Vegas et al. (43) .
Transcriptional start site analysis. Total RNA was isolated from cells grown to an optical density at 600 nm (OD 600 ) of 0.6 using the macaloid acid method as described by Ventura et al. (57) and then treated with DNase (Roche). A 10-g volume of total RNA was used to determine the transcriptional start site for the gene carrying rep89 by use of a First Choice RNA ligase-mediated rapid amplification of cDNA ends (RACE) kit (Ambion, Cambridgeshire, United Kingdom) essentially as described by Han et al. (13) with the following adaptations. Reverse transcription for cDNA was mediated by thermostable Superscript reverse transcriptase (Invitrogen). The nested PCR contained 10 pmol of genespecific outer primer pRLMout in combination with 10 pmol of 5Ј RACE outer primer (Ambion). The 5Ј inner PCR was carried out with 10 pmol of genespecific inner primer pRLMin plus 10 pmol of 5Ј RACE inner primer (Ambion; for primer sequences, see Table S1 in the supplemental material). PCR products were cloned in pCR2.1-TOPO vector (Invitrogen), and multiple clones were sequenced (MWG Biotech).
Gel mobility shift DNA binding assays. Six DNA fragments were generated by PCR (using one of six forward primers [em1 to em6] in combination with emrev) covering decreasing sections of the pCIBAO89 promoter region. The resultant amplicons were purified and then labeled using [ 33 P]dATP and T4 polynucleotide kinase (New England Biolabs). In order to obtain a crude lysate containing the presumed replication protein, B. breve UCC2003 containing pNZrep89 was inoculated (2%) in MRS supplemented with 4 g ml Ϫ1 Cm, grown at 37°C until an OD 600 of approximately 0.5 was reached, and then harvested by centrifugation. The cell pellet was resuspended in 500 l of 20 mM Tris (pH 7.4) supplemented with 10 mM dithiothreitol, and this cell suspension was then bead beaten with glass beads and centrifuged twice at 7,000 rpm for 5 min. Binding studies were carried out using 20-l reaction volumes containing 20 mM Tris-HCl (pH 8.0), 8.7% (vol/vol) glycerol, 1 mM EDTA (pH 8.0), 5 mM MgCl 2 , 100 mM KCl, 0.5 mM dithiothreitol, labeled DNA fragment (3,000 cpm), and increasing volumes of crude B. breve UCC2003 pNZrep89 cell lysate. As a negative control, cell lysates were used which had been obtained from B. breve UCC2003 harboring pNZ44. Bovine serum albumin (1 g) and poly(dI-dC) (Amersham Pharmacia Biotech) were added to the reaction mixtures in order to increase the specificity of the binding reaction. After incubation for 30 min at 37°C, samples were loaded onto a 4% polyacrylamide gel. Electrophoresis was performed at 150 V for 2.5 h. Relative plasmid copy number determination. Two oligonucleotide primer sets for quantitative real-time PCR (qPCR) were designed to have a predicted melting temperature of ϳ56°C and to generate amplicons of ϳ300 bp in length. One primer set was designed to target the replication gene of pCIBAO89 (primers pPlasF and pPlasR), while the second set of primers was based on the sequence of the unique amylopullulanase (apuB) gene (primer combination pAmuF and pAmuR) on the chromosome of B. breve UCC2003 (41). qPCRs were conducted using a FastStart DNA master SYBR green 1 kit (Roche). Serial dilutions (10 Ϫ1 to 10 Ϫ3 ) of total DNA isolated from B. breve UCC2003 containing pPKCm1, grown under conditions of chloramphenicol selection, were analyzed using 0.3 M of the relevant forward and reverse primer pair. Three independent qPCR trials were conducted, and in each trial triplicate samples of the template were analyzed. Copy numbers were calculated essentially as described by Providenti et al. (37) , where the mean threshold cycle value of the amplicons-targeting apuB gene (single-copy reference) was compared to the amplicon of the plasmid using the formula N relative ϭ (1 ϩ E) ⌬CT , where E is the amplification efficiency of target and reference genes, and ⌬CT is the difference between the threshold cycle number (CT) of the apuB reaction and that of the rep89 reaction.
Nucleotide sequence accession number. The GenBank accession number for the sequences of pCIBAO89 is EU030683.
RESULTS
Identification and sequence analysis of two bifidobacterial plasmids. From a total of 55 strains of bifidobacteria of human, animal, and insect origin, two strains were found to contain plasmid DNA (data not shown). The identified plasmids were designated pCIBA089 (from B. asteroides DSM20089) and pCIBA431 (from B. asteroides DSM20431). Sequence analysis of pCIBA089 and pCIBA431 revealed circular molecules of 2,111 bp with an overall GC content of 52.3%. Further analysis showed that these two plasmids are highly homologous to each other and to pAP1, a plasmid previously isolated from B. asteroides DSM20089 (49; GenBank accession no. Y11549) (Ͼ99% identity), but that at the same time they also exhibit Table S1 in the supplemental material), rep89 represents the rep89 ORF, ϩ indicates the fragments that support plasmid replication in B. breve UCC2003, and Ϫ indicates the fragments that do not support plasmid replication in UCC2003. (b) GUS fragments generated for cloning into the reporter vector pNZ272. ϩ indicates GUS activity generated in B. breve UCC2003, and Ϫ indicates that the GUS activity generated in UCC2003 was at same level as that of the control vector. (c) Fragments generated for EMSA analysis. ϩ indicates fragments whose mobility was retarded by B. breve UCC2003 pNZrep89 lysate, and Ϫ indicates fragment whose mobility was not retarded by B. breve UCC2003 pNZrep89 lysate. Note: diagram is not to scale; IR2 results are not shown.
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on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ some interesting differences. The most striking of these was the occurrence of an extra cytosine residue in position 1262 present in both pCIBA089 and pCIBA431 but absent from the deposited pAP1 sequence. This residue extends the size of the only identified ORF (designated rep in pAP1, rep89 in pCIBAO89, and rep31 in pCIBA431) in these plasmids from 894 nucleotides in pAP1 to 1,041 nucleotides in pCIBA089 and pCIBA431. The second observed difference was an imperfect repeated sequence of 31 nucleotides present in pAP1 but absent from pCIBA089 and pCIBA431. This region is located between positions 1470 and 1502 on pAP1, immediately downstream of rep. A BLAST search (1) revealed that Rep89 (and therefore Rep31) exhibits various degrees of amino acid sequence similarity, ranging from 25 to 58%, to putative replication proteins identified on other plasmids, most of which were isolated from high-GC-content gram-positive bacteria (see Table S2 in the supplemental material). It shows the highest level of homology to predicted plasmid replication proteins from the B. longum RW041 plasmid pNAC3 (58% identity) (5) and the B. longum DJO10A plasmid pDOJH10L (53% identity to the repC gene) (21) as well as 35% identity to an as-yet-unidentified replicase from B. adolescentis ATCC 15703 (GenBank accession no. YP_910104). Excluding the putative bifidobacterial replication proteins, Rep89 also shows similarity to the replication proteins of a number of broad-host-range plasmids (detailed in Table S2 in the supplemental material). Therefore, the rep89 protein product is predicted to act as the plasmid replication protein.
The sequence upstream of the rep89 gene contains a number of inverted and direct repeats (DRs) (Fig. 2 and 3 ) which may represent features required for plasmid replication. Analysis of the sequence between positions 131 and 172 revealed the presence of an inverted repeat (IR), designated IR1 (⌬G ϭ Ϫ22.5 kcal mol Ϫ1 ), with the potential to form a stem-loop structure. Two further inverted repeats with the potential to form stemloops were also identified between positions 325 and 352 (designated IR2; ⌬G ϭ Ϫ9.2 kcal mol Ϫ1 ) and positions 1581 and 1602 (designated IR3; ⌬G ϭ Ϫ7.7 kcal mol Ϫ1 ). A number of DRs were also identified in the putative promoter region. The sequence TATAGG (positions 107 to 112) repeated three times just upstream of IR1 was designated DR1, while a second DR beginning four bp downstream of IR1 and containing six imperfect 10-bp DRs with an ATATTTAAAG consensus sequence was designated DR2. In some cases DR2 contains a 5-bp repeat extension (TACAC) which is present in three of the six DR2 sequences, one of which overlaps the putative Ϫ10 site (Fig. 3) . Finally, an additional cluster of three DRs (designated DR3, DR4, and DR5) is located downstream of IR3 between positions 1911 and 1980. DRs are typically present in both rolling circle and theta replicating plasmids, where they constitute so-called iterons required for the initiation of replication (34) . Such DR sequences have been shown to function as binding sites for Rep-like proteins (15) .
Construction of the shuttle vector pPKCm. In order to test whether the replication functions of pCIBAO89 can be used to construct an E. coli-Bifidobacterium shuttle vector, the entire 2.1-kb pCIBA089 was ligated into the HindIII site of pBlueCm, resulting in pPKCm1 (see Materials and Methods). This 6.2-kb construct was found to be capable of transforming B. breve UCC2003 with an average transformation efficiency of 3.8 ϫ 10 6 transformants per g of DNA. All tested chloramphenicol-resistant B. breve transformants were found to contain the expected plasmid, and restriction analysis confirmed that no obvious alterations in the DNA sequence had occurred. To investigate whether pPKCm1 could replicate in related hosts, a selection of bifidobacterial strains was tested. Plasmid pPKCm1 could be introduced into a diverse range of bifidobacterial strains, including B. animalis subsp. lactis (10 1 ) (the numbers of transformants obtained per microgram of DNA are given in parentheses), B. longum NCIMB8809 (10 2 ), B. pseudolongum NCIMB2244 (10 2 ), B. globosum JCM5820 (10 3 ), B. pseudocatenulatum LMG10505 (10 3 ) and B. dentium NCFB2843 (10 4 ) (see Table 1 for specifics on strains). However, it failed to generate Cm r transformants in L. lactis NZ9000, suggesting that the host range of the vector may be limited to certain gram-positive bacteria.
Determination of the minimal replicon of pCIBAO89. In order to determine the minimal region of pCIBA089, deletion analysis of its replication region in pPKCm1 was performed as schematically illustrated in Fig. 2a . The smallest of these constructs found to be capable of replicating in B. breve UCC2003 (designated pPKCm2; 5.5 kb) contains a 1.4-kb pCIBA089 fragment encompassing DR1, IR1, DR2, and rep89. This suggests that the 0.7-kb DNA sequence following the ORF is not essential for pCIBA089 replication. The pPKCm6 construct containing a 1.9-kb pCIBA089 PCR fragment lacking the IR1 and DR2 elements but containing rep89, its promoter, and a ribosome binding site failed to generate Cm r transformants of B. breve UCC2003. pPKCm11 (differing from pPKCm6 only in that it also contains DR2) also failed to produce transformants in B. breve UCC2003. This implies that the IR1 sequences are essential components for pCIBAO89 replication. As expected, rep89 also appears to be vital for pCIBA089 replication, as pPKCm3 (containing a 360-bp pCIBA089 PCR fragment encoding IR1, DR2, and the rep89 promoter) and pPKCm12 (encoding all potential promoter elements but with the final 122 bp of rep89 removed by XhoI digestion and religation) failed to produce Cm r transformants when introduced into B. breve UCC2003. The deletion of the various DR sequences at the end of the pCIBA089 sequence (pPKCm8; 6.0 kb) did not appear to interfere with replication in UCC2003. When analyzed by agarose gel electrophoresis, no apparent copy number variations among the pPKCm constructs were observed (data not shown). To establish the segregational stability of the various pPKCm constructs a plasmid stability assay was performed over 200 generations. All six constructs capable of replication in B. breve UCC2003 (Fig. 2a) were found to exhibit considerable stability (96.6% Ϯ 3%) in the absence of selective pressure (data not shown).
Transcriptional analysis of the rep89 gene in pCIBAO89. The transcriptional start site of rep89 was identified as a thymine at position 312 just downstream of sequences resembling the consensus Ϫ10 (TACACG) and Ϫ35 (CTGCTA) sequences (Fig. 3) . In order to assess whether this promoter region contains additional regulatory elements that control the promoter activity other than the identified Ϫ10 and Ϫ35 sequences, a number of transcriptional fusions were constructed using various rep89 promoter fragments (Fig. 2b) and the promoterless gusA reporter gene in the promoter probe vector pNZ272 (36) . B. breve UCC2003 transformants containing each of the relevant constructs were assayed for ␤-GUS activity and OD 600 ; a representative result at an OD 600 value of 0.5 is presented in Table S3 in the supplemental material. The largest construct, pGC1, containing the entire putative promoter region consistently exhibited the highest level of GUS activity. Significant GUS activity, although at a lower level than that seen with pGC1, was detected for pGC2, which contains all but the first half of IR1. In contrast, the remaining constructs pGC3 through pGC8, from which IR1 was removed and containing successively smaller segments of the promoter region, displayed only background activity similar to that obtained with the control pNZ272 vector.
In order to investigate the effect of the presence of the Rep89 protein on the activity of the rep89 promoter, B. breve UCC2003 transformants containing each of the relevant GUS constructs described above were cotransformed with pSKEm (Fig. 1b) , an erythromycin-based shuttle vector which contains the replication region of pCIBAO89 and therefore was expected to produce the Rep89 protein. The presence of both plasmids was confirmed by dual antibiotic selection (2 g ml Ϫ1 Cm, 1 g ml Ϫ1 Em) as well as restriction profiling. GUS assays were then performed to assess the effect of the presence of Rep89 on the activity of the promoter fragments. A 10-fold decrease in GUS activity was observed for pGC1 and pGC2 (not shown), suggesting that Rep89 represses its own promoter activity, possibly (as shown below) through binding to the IR1 sequence.
Rep89 binds to a putative origin of replication. One approach to identify the origin of replication of rep-containing plasmids is to elucidate the exact region of DNA with which the replication protein interacts as a prerequisite for plasmid replication. The ability of Rep89 to bind to its promoter and upstream region was examined by gel electrophoretic mobility shift assays (EMSAs). EMSA analysis (Fig. 4a) clearly showed that the presence of a crude lysate of B. breve UCC2003 (pNZrep89) retarded the mobility of the extended rep89 promoter region (PCR fragment EM1 generated using primers em1fwd/emerv; Fig. 2c ). This binding was shown to be specific, as a control lysate of B. breve UCC2003 containing pNZ44, which does not contain and therefore cannot express rep89, was shown to be incapable of binding to the promoter region of pCIBAO89 (lanes 2 in Fig. 4a and b) . Furthermore, the mobility of a control DNA fragment identical in size to the pCIBA089 promoter region was not retarded by the presence of pNZrep89 lysate (lanes 1 in Fig. 4a and b) . To establish which part of the promoter region is important for the observed interaction with Rep89, various shortened versions of the rep89 promoter region were used for EMSA analysis. DNA fragments were generated by PCR (using EM2fwd, -3fwd, -4fwd, -5fwd, or -6fwd in combination with EMrev; see Table  S1 in the supplemental material) dissecting the pCIBAO89 promoter region. The mobility of probe EM2 (primers em2fwd and emrev; Fig. 2c ) was also retarded, although its mobility appeared less severely affected than that of EM1 (Fig. 4b) , possibly reflecting binding of Rep89 to multiple independent binding sites. The mobility of probes which did not contain IR1 were not affected under similar experimental conditions (data not shown), highlighting the importance of IR1 for Rep89 interaction and its involvement in plasmid replication. Copy number determination of pPKCm1 in B. breve UCC2003. To determine the relative copy numbers of the pPKCm1 plasmid, qPCR analysis using total DNA from exponentially growing B. breve UCC2003 harboring pPKCm1 was used in combination with primer pairs designed for targets on both the chromosome and plasmid (see Materials and Methods). Assigning the copy number of the chromosomal gene apuB a value of 1, the relative ratios of chromosome/plasmid levels were determined based on the crossing values achieved. In template-free negative controls, no amplicons were generated. The assay was repeated in triplicate, and variations in the results can be attributed to the quality of the total DNA and small differences in the growth phases of the cultures analyzed. This method produced a copy number of 4 Ϯ 1.26 per copy of chromosome for pPKCm1. This finding compares well with the copy number obtained for the recombinant plasmid pCRY4-Rep (to which Rep89 shows 29% amino acid sequence similarity), which was calculated at three plasmid copies per chromosome in Corynebacterium glutamicum (55) , indicating that both of these plasmids copy at low numbers in their respective hosts.
DISCUSSION
In order to link strain-specific probiotic activities to the expression of specific genes it will be necessary to perform genome-wide or gene-specific functional analyses. For bifidobacteria such analyses are currently very difficult, mainly due to a paucity of effective molecular tools such as cloning, expression, and mutagenesis vectors. This work addresses this scientific deficiency through the comprehensive characterization of the cryptic, self-replicating bifidobacterial plasmid pCIBAO89 and the construction of shuttle vectors exploiting its replication functions.
The sequences of pCIBAO89, pCIBA431, and the publicly available pAP1 differ due to the presence of an extra cytosine base at position 1262 in the former two plasmids which extends the size of the only identified ORF from 894 nucleotides to 1,041. If this difference is due to a sequence error or mutation it may explain the failure to create a functional shuttle vector by use of the presumed replication region of pAP1 (47) . The 2.1-kb pCIBA089 plasmid contains the rep89 gene, which encodes the presumed plasmid replication protein (Rep89). It exhibits similarities to replication proteins of plasmids isolated from a wide variety of bacterial species, but the most significant homologies are to replication proteins encoded by two B. longum plasmids of approximately 10 kb. Interestingly, the replication protein from pCIBAO89/pCIBA431 is also similar to mostly putative Rep proteins encoded by various large plasmids (see Table S2 in the supplemental material) such as pIPO2T (54) , pBFp1 (4), pMOL98 (11), pCRY4 from C. glutamicum (55), pSa from E. coli (30) , and pNL1 (GenBank accession no. NC_002033) from Novosphingobium aromaticivorans as well as to a Rep protein from pRM21, a small Rhodothermus marinus plasmid (7). The latter plasmid was found to possess a region containing three 19-bp DRs, dnaA boxes, and an AϩT-rich region, which are characteristic of the replication origins of certain theta replicating plasmids. This suggests that, despite their limited sizes, pCIBAO89 and pCIBA431 may replicate via a theta-type mechanism. Based on sequence similarities of their replication proteins, they may form a subgroup of the IncW plasmids. A number of other small plasmids have been previously shown to replicate by a theta-type mechanism, e.g., the 2.6-kb pRJF1 from Butyrivibrio fibrisolvens (14) and the 3.8-kb plasmid pWV02 from L. lactis (17) .
Upon investigation of the pCIBA089 sequence, a number of direct and inverted repeats were discovered upstream of rep89, including six 10-bp DRs which we propose represent the iterons required for the initiation of replication of this plasmid (Fig. 3) . This organization closely resembles the IncW plasmid pSa (to which Rep89 shows 27% identity) except that the iterons in pSa consist of 17-bp repeats and are separated by 6 bp compared to approximately 10 bp for Rep89. For iteroncontrolled plasmid replication it is suggested that binding of the corresponding replication protein to the DRs in the ori is a key step in the initiation of plasmid replication. However, replication proteins can also bind to inverted repeats in order to repress plasmid replication. The specificity of the binding appears to be dependent on whether the replication protein is present in a monomeric or dimeric form where the monomer binds to DRs, while the dimeric form associates with the IRs (9). The requirement for such a segment for plasmid replication is to allow a response to the intracellular concentration of the replication protein. From our DNA-binding studies we can attribute such a function to IR1, and the failure to demonstrate binding to the downstream iterons can be attributed to the dimeric nature of the replication protein used in the EMSA, as replication proteins obtained under laboratory conditions are known to predominately exist as dimers (50) .
To establish the function of the upstream regulatory regions, the transcriptional start site was determined and subsequently the contribution of the various repeat sequences was experimentally achieved using the promoter probe vector pNZ272. Constructs containing IR1 (pGC1 and pGC2) gave consistently high GUS activity levels while removal of IR1 eliminated GUS activity to background levels. This would suggest that IR1 acts as a transcription-enhancing element, possibly mediated by a host-encoded factor. Inverted repeats compensating for ori may function as an enhancer element, as has previously been Ohkubo and Yamaguchi (29) . When cultures containing each of the GUS constructs (pGC1 to pGC8) were cotransformed with the Em-selective shuttle vector pSKEm, the presence of Rep89 had an inhibitory effect on the activity of the reporter gusA gene. We propose that this effect was due to Rep89 binding to IR1, which interferes with the transcription enhancement of this region, thereby representing an autoregulatory loop to control replication and consequent copy numbers of the plasmid. A further goal of this work was to create a shuttle vector with improved cloning features, which was achieved with the construction of pSKEm. The vector contains a single selectable antibiotic resistance marker functional in both E. coli and Bifidobacterium spp. To the best of our knowledge, pSKEm is the first described E. coli-Bifidobacterium shuttle vector harboring the ␣lacZ gene and MCS of pBluescript, which allows the useful blue-white screening of recombinant constructs in E. coli.
The host range of bifidobacterial shuttle vectors is not fully known, although pPKCm1 could not be introduced into L. lactis; this is consistent with other studies on replication of plasmids of bifidobacterial origins (21) . However, pPKCm1 was successfully electroporated into a diverse range of bifidobacterial strains, including the commercially relevant strain B. animalis subsp. lactis Bb12, clearly demonstrating its usefulness as a shuttle vector for a wide range of species within this genus.
Though several Bifidobacterium-E. coli shuttle vectors have been constructed based on cryptic plasmids from bifidobacteria, this work represents the first in-depth molecular characterization of the replication functions of a native bifidobacterial plasmid. This characterization, combined with the relatively high transformation efficiency and host range capabilities of the developed shuttle vectors, represents an important step for future functional genomic analyses of this commercially and medically significant gut inhabitant.
